B
lunt chest wall trauma is a major cause of morbidity and mortality, especially in the presence of a flail chest where paradoxical inward movement of the flail segment in inspiration is found. [1] [2] [3] Patients with a flail chest require aggressive pain control, pulmonary toilet, and often intubation and mechanical ventilation to establish an internal pneumatic stabilization of the flail segment. This may result in a prolonged ICU stay and pulmonary complications including pneumonia, septicemia and barotrauma. [3] [4] [5] [6] [7] [8] [9] The high mortality rate of up to 10 -36% 3,10 -12 is partly due to the high prevalence of associated life-threatening extra-thoracic injuries. However, one principle cause of death consists of pneumonia and sepsis with prolonged intubation. 3, 13, 14 Several potential advantages of operative chest wall stabilizations have been reported. These include reduced duration of mechanical ventilation, 4, 7, 8, 13, [15] [16] [17] shortened ICU stay and hospitalization, 7, 8, 15 and decreased likelihood of clinically significant long-term respiratory dysfunction and skeletal deformity. 5, 15 Despite the advantages of operative chest wall fixation, little consensus on the fixation technique exists.
This report describes three cases of flail chest injury managed by operative stabilization with plates and screws. The criteria for surgical intervention in this trauma center are traumatic loss of 30% of pleural cavity volume, inability to wean an awake patient from the ventilator, inability to control chest wall pain despite epidural catheter, major air leak or major bleeding, or unstable sternal fracture with overlap.
In all three cases a standard posterolateral thoracotomy was performed. The serratus anterior was retracted anteriorly and the latissimus dorsi was divided. To reach more cranially a small portion of the trapezius and the rhomboids were transected in cases 2 and 3. The chest was always entered and hematoma was removed. Pelvic, mandibular and customized reconstruction plates were used, with bending stiffness ranging from 1,936 over 414 to 56 kN mm 2 , respectively. In addition to documentation of the technique, this report describes the results obtained with three distinct osteosynthesis plates and provides a historic overview of alternative fixation means.
CASE 1
A 34-year-old man was rolled over by a forklift in an industrial accident, sustaining a crush injury to his chest and to his biceps bilaterally. He suffered fractures of ribs 3 to 10, resulting in a right flail chest ( Fig. 1 ) with a mild posterior pulmonary contusion and a hemothorax and a right lobe contusion of the liver. He was admitted to a Level I trauma center with stable vital signs. Approximately 8 hours later he required intubation for hypercarbia.
Three days after admission, open reduction and internal fixation of the flail segment of ribs 6 to 9 was performed. The remaining injured ribs had isolated fractures without instability. Pelvic reconstruction plates were contoured to the chest wall and fixated by 12 to 16 mm screws ( Fig. 2 and 3 ). These stainless steel plates are 3.5 mm thick and 10 mm wide and have a bending stiffness of 1,936 kN mm 2 . Postoperatively the oxygenation improved and 2 days later the patient could be extubated. He left the ICU on postoperative day 5, and was discharged home 3 days later.
At follow-up examination 2 months after surgery, the patient did not have any shortness of breath but the thoracotomy site was tender to touch. He was able to return to full-time employment 4 months after the injury. The prominent hardware continued to irritate him and was therefore removed half a year later.
CASE 2
A 49-year-old man was crushed beneath a heavy object and remained trapped for a period of time. He sustained fractures of left ribs 3 to 9 resulting in a flail segment (Fig. 4) with left pulmonary contusion and a left hemopneumothorax. He also suffered from closed head injury, complex pelvic ring injury, left thoracic and lumbar transverse process fractures, and anterior compression fractures of the lumbar vertebrae two and three. He was admitted to a Level I trauma center where ventricular ectopy due to an underlying severe dilated cardiomyopathy and traumatic anemia were also diagnosed.
Eight hours after admission deteriorating pulmonary function required intubation.
On the third day after admission the patient underwent pelvic and chest stabilization. Open reduction and internal fixation of ribs 4, 5, and 7 to 9 was performed using mandibular plates with locking head screws (Fig. 5 ). These 2.4 mm thick and 8 mm wide Titanium plates have a bending stiffness of 414 kN mm 2 and were contoured to the rib. The fracture in rib 6 was too posterior to be reached. The patient could be weaned from the ventilator on the next day and left the ICU 2 days later. He was discharged home with a back brace 1 week later.
He started on full shift work 6 months after the injury and continually reduced his pain medication over the following few months.
CASE 3
A 35-year-old woman presented to a Level I trauma center following an all-terrain-vehicle accident with rollover.
On admission, her airway was intact with diminished breathing sounds in the right field. She was diagnosed with a right posterolateral flail chest due to double serial fractures of ribs 3 to 10 ( Fig. 6 ), right lower lobe lung laceration, subcutaneous emphysema from the axilla to the right flank, liver laceration, and a closed midshaft fracture of the right clavicle.
Because respiratory insufficiency and chest deformity increased over the next 6 days, open reduction and internal fixation of the flail chest was performed together with a repair of the clavicle. All ribs were impacted centrally, displaced by several inches. A portion of the third rib was impaled into the lung. After elevation and reduction of the flail segment, ribs 3 to 8 were fixated by customized rib plates. These 1 mm thick and 10 mm wide Titanium plates have a bending stiffness of 56 kN mm 2 . They were contoured, and fixated with 3.0 mm cortical locking screws ( Fig. 7 and 8) . 
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On the next day the patient was extubated and transferred to the regular ward without complications. She was discharged home 5 days later.
She returned to full time employment within 14 days. One year later the prominent hardware along the clavicle was removed. However, she did not require removal of the rib plates, did not complain of dyspnea and did not have any tenderness along the thoracotomy.
DISCUSSION
Rib fractures are common injuries in trauma patients admitted to hospitals. The incidence is reported to be 4 -10%. 1, 18 About half of these patients with rib fractures have at least two broken ribs. When four consecutive ribs are fractured, a flail chest is suspected, which is defined as the 
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Volume 58 • Number 1fracture of at least four consecutive ribs in two or more places. 1, 3, 19 Up to 10 -15% of blunt chest trauma injuries will result in a flail chest. 2, 3, 14 Fractured ribs in a flail chest treated conservatively may undergo progressive displacement during the healing phase, which results in considerable deformity, volume loss, atelectasis, and chronic pain. 7,10,12,19 -21 Long-term problems of patients with flail chest injuries treated nonoperatively include subjective chest tightness, thoracic cage pain and dyspnea. 10, 22 Indications for surgical stabilization of a flail chest are severe pulmonary restrictions due to the paradoxical movement of the flail segment, 2,3,11 markedly overriding ribs and severe instability, 15, 23 intra-thoracic lesions which require thoracotomy, 2,4,11,14,24 -26 progressive lung volume loss or deteriorating pulmonary function in non-intubated patients, 3, 15, 27 and persistent instability which prevents weaning from the ventilator. 3, 15, 28 An extensive pulmonary contusion is considered a relative contraindication by some authors because the patients will require prolonged mechanical ventilation anyway. 3, 16, 29 Alternatively, other authors stress the importance to stabilize these patients surgically, so that the patients can ventilate themselves. 23, 27 The ideal indications and the timing for surgical intervention, early or secondary, remains controversial. While pulmonary contusion may indicate secondary stabilization, several recent reports recommend early intervention in selected patients. 3, 8, 16, 27, 30 The problems and risks of an operative approach include the surgical trauma itself and the loosening and migration of implants. 2-7,14,24,30 -32 In all reports reviewed in the literature, patients who underwent surgical stabilization of a flail chest were weaned from the ventilator earlier and left the ICU earlier than the ones treated by intubation and intermittent positive pressure ventilation (3.7-10.8 days vs. 15-30.7 days for mechanical ventilation and 6.8 -16.5 vs. 21-28.3 days of ICU stay). 3, 5, 7, 8, 16, 17, 28, 31 The incidence of chest infection was 7.6 -24% in surgically stabilized patients versus 50 -77% in nonoperated patients. 3, 7, 8 A prospective and randomized study of 18 patients who were treated by surgical stabilization versus 19 patients treated with internal pneumatic stabilization showed a shorter ventilation time, shorter ICU stay, and lower incidence of pneumonia in the operative group. 8 In this study, the percent forced vital capacity was higher at 1 month and thereafter and the percentage of patients returning to full time employment at 6 months was significantly higher in the operative group.
In a long term study (average 5 years, range 0.5-12 years) of 32 patients with nonoperatively treated flail chest, 25% complained of subjective chest tightness and 49% of thoracic cage pain; 43% returned to full time employment. Spirometry was abnormal in 57%. 50% revealed mild, and 20% moderate, objective dyspnea. 10 This decrease in air volume may result from a combination of thoracic deformity and fibrous changes due to pulmonary contusion. In CT measurements 1-6 years after trauma the hemithoracic space was significantly smaller on the former flail side. 21 After surgical stabilization of flail chest injury, 95-100% returned to full preoperative work capacity. 3, 28 In a different study, 11% of patients with surgical stabilization complained of persistent postoperative pain after 6 months (compared with 49% of patients with persistent thoracic cage pain without operation reported by Landercasper et al., 10 half of which improved after plate removal 3 ). Four categories of fixation devices for operative chest wall fixation have been described in the literature; plates, intramedullary devices, vertical bridging, and wiring.
1. Plates. Most general osteosynthesis plates exceed by far the bending stiffness of ribs. Therefore loosening of the outermost screws has been reported, especially in osteoporotic ribs. [2] [3] [4] 6, 14, 32, 33 The special rib plates on the other hand (Judet-, Vecsei-, Labitzke-, Rehm-plate) have a very low stiffness and therefore can lead to unstable healing conditions. 33 It is difficult to reach the more posterior fractures with these plates. 18, 29 In the ventral and the costochondral rib segment, reliable screw fixation is difficult at best. 29 General as well as special rib plates all require contouring to match the rib geometry. 34 -37 2. Intramedullary devices require smaller incisions. Kirschner wires are mainly used for intramedullary fixation. However, their circular cross-section provides little rotational stability and lack of secure fixation inside the canal can lead to wire migration. 5, 7, 23, 29, 36 To prevent migration intramedullary rib struts were introduced. 20 The Rehbein plate is a thin intramedullary plate with a bent end that can be fixed to the outer cortex. However, implanting the device can lead to additional fractures of the cortex, especially in osteoporotic bone. 5 For anterolateral fractures close to the cartilage, some authors describe combinations of intramedullary devices with plates. 13, 38 3. Vertical bridging. There are different implants described that may bridge the flail segment such as palacos prosthesis, 39 Kirschner wires, 40, 41 rib struts, 42 and rib grafts. 43, 44 The advantage of this method is the ease of implant insertion and removal. However, the technique does not accommodate the physiologic respiratory movement of the rib cage, especially the intercostal space widening during inspiration, which starts for individual ribs at different times during inspiration (5th rib first) and varies between Ϫ3 mm (I/II rib) and ϩ7 mm (V/VI). 45 4. Wiring. A variety of wiring or suturing techniques 29, 44 have been reported. However, these techniques generally do not provide a sufficient stability of the fracture, and non-union may occur. 29, 33 The Journal of TRAUMA Injury, Infection, and Critical Care
In this case report three plate designs ( Fig. 9) with highly different structural properties were used. Flexural rigidity between the implants varied greatly, and was therefore quantified by standard four-point bending tests. The implants yielded flexural rigidity values of 1,936 kN mm 2 , 414, and 56 kN mm 2 for the pelvic, the mandibular, and the customized reconstruction plate, respectively. For comparison, two human cadaveric ribs were tested at seven different sites, resulting in a flexural rigidity of 1,043 Ϯ 645 kN mm 2 . Due to its high flexural rigidity the pelvic reconstruction plate provided a stable fracture fixation. However, the prominent hardware caused postoperative chest wall pain requiring removal. Furthermore, there is anecdotal evidence of screw loosening with these plates. The mandibular-and the customized reconstruction plate can both be used with locking head screws. Therefore, the healing process does not rely on exact contouring of the plate and the periosteum remains almost intact. The mandibular reconstruction plate is more prominent when used with locking head screws but it did not require removal in case 2. Despite the very thin soft tissue coverage in a thin patient, as in case 3, the low profile customized plate did not lead to tenderness or pain and could remain in place. However, as shown above, its flexural rigidity is lower than the flexural rigidity of human ribs.
A common limitation to any plate design is the difficulty of stabilizing posterior fractures.
In conclusion, operative fixation of flail chest segments has been successfully achieved with a variety of osteosynthesis plates. Due to the general lack of commercially available plates for rib fracture fixation, alternative plates with widely variable constitutive properties have been used. Future research is necessary to design a specific rib plate which takes into account the structural properties and fixation constraints of ribs, to simplify the fixation technique, and to reduce complications. 
